Electrical and optical properties of TiO 2 :Pd thin films deposited from Ti-Pd mosaic targets sputtered in reactive oxygen plasma have been studied. The properties were investigated for thin films with the Pd amount of 5.5 at. %, 8.4 at. % and 23 at. %. Based on resistivity measurements a drop from 10 3 down to almost 10 −3 Ωcm has been recorded when the Pd amount was varied from 5.5 at. % to 23 at. %, respectively. Moreover, it was shown that doping with different amounts of Pd results in the possibility of obtaining both types of electrical conduction: n-type for the TiO 2 with 5.5 at. % and 8.4 at. % of Pd and ptype for the TiO 2 with 23 at. % of Pd thin films. From optical measurements it has been found that as the Pd amount was increased the transmission through the thin films was reduced and position of the fundamental absorption edge was shifted toward a longer wavelength range of up to 600 nm. The optical band gap was calculated for direct and indirect transitions from optical absorption spectra. Structural properties were characterized by X-ray diffraction (XRD) and atomic force microscopy (AFM). The XRD patterns displayed occurrence of the crystalline, TiO 2 -rutile for lower Pd amounts (5.5 at. %, 8.4 at. %), while the TiO 2 :Pd (23 at. %) thin films displayed XRD-amorphous behaviour. Images obtained from AFM displayed dense, nanocrystalline structure with homogenous distribution of crystallites. Additionally performed secondary ion mass spectroscopy investigation confirmed homogenous distribution of Pd in the whole thickness of the prepared thin films. 
Introduction
Transparent oxide semiconductors (TOS) [1, 2] with both n-and p-type of electrical conduction are of great in- * E-mail: michal.mazur@pwr.wroc.pl (Corresponding author) terest for practical realization of transparent electronics, such as: photodiodes, solar cells, touch displays or radiation detectors [3, 4] . Typically well known transparent conductive oxides based on SnO 2 and ZnO are n-type. Up to now, only some reports exist in the literature on thin oxide films with p-type electrical conduction. There are mainly materials based on Cu [5, 6] . While most of n-type TOS are transparent in the visible range of light spectrum, p-type doping with different metal ions usually results in light absorption and the films become opaque. Therefore coexistence of transparency and conductivity in such thin films is difficult to obtain. At present, TiO 2 is one of the most studied oxides for potential future application in transparent electronics [7] [8] [9] [10] . Remarkable optical properties of pure TiO 2 include its high refractive index (about 2.5 [11] ) and transparency above 90% for the visible light (from 385 nm). But from electrical point of view, TiO 2 is wide a band gap (3 eV) insulator with low electron mobility (µ e < 10 cm 2 /Vs) and high dielectric constant (ε r > 86). The properties of TiO 2 mentioned above are suitable, for example for production of capacitors and metal-oxide-semiconductor devices [12] . The new areas of application are, for example: coatings for smart windows, antireflective coatings, optical filters and solar cells [13, 14] .
Our previous work [15, 16] has shown that by introducing different dopants, e.g. Hf, Pd, V, Co into the TiO 2 matrix, it is possible to obtain different electrical properties of prepared thin films: from an insulator (e.g. TiO 2 :Hf [17] ) to semiconductor (e.g. TiO 2 (V,Pd) [16] ). Moreover, doping with rare earth elements, like Eu, makes prepared thin films optically active [15] .
In the present work, TiO 2 :Pd thin films have been prepared by a high energy reactive magnetron sputtering (HE RMS) method [18] and the results of structural, optical and electrical examinations of the thin films prepared with different amount of Pd have been presented. From literature review, for example [19, 20] it is known that introduction of Pd into TiO 2 may improve some chemical properties of such thin films, especially required for gas sensing and catalytic applications.
Experimental procedure
The TiO 2 :Pd thin films were deposited onto glass (Corning 7059), silica (SiO 2 ) and silicon (Si 100) substrates by the HE RMS method from metallic Ti-Pd mosaic target. Details of target preparation and the HE RMS method has previously been described by us in [18, 21] . The sputtering process was carried out at low pressure, below 10 −1 Pa, in reactive atmosphere using high purity 99.999% O 2 as a working gas. Also, applying a special spacer between the target and water-cooled magnetron provides higher temperature at the target. An additional heating of the target surface that originates from the reactive plasma and a specially designed pulse supplier was applied [18] . Due to that, sputtered species approaching the substrate have enhanced thermal energy to order themselves and to form the TiO 2 -rutile directly upon deposition. Moreover, the increase in molecular energy during nucleation on the substrate results in an increasing number of nucleation centers, which leads to significant reduction of grain sizes in the rutile structure.
The amount of Pd was estimated based on the ratio of surface area occupied by the Pd foils to the basic titanium target and taking into account the sputtering yield of each material in particular conditions of power supply. After deposition, the atomic percent of Pd in the prepared thin films was determined using Hitachi S-4700N scanning electron microscope equipped with energy dispersive spectrometer (Noran Vantage). The amount of Pd for three sets of prepared thin films described in the present work were 5. The resistivity of the prepared films was determined using standard Jandel collinear four-point probe and Keithley's source measure unit, type 2611. The type of electrical conduction was determined from the sign of thermoelectric power (Seebeck coefficient) measured at the temperature range from 25°C to 300°C. The temperature dependent measurements were performed using air-cooled thermal chuck operated by ERS SP72 controller. For thermoelectrical characterization two parallel Ag/TiW metal electrodes were evaporated through the metallic mask onto the thin films. The TiO 2 :Pd thin films were also investigated by Hall effect method, but the effect of samples charging was observed during measurements and obtained results have not been reliable.
The transmittance and position of the fundamental absorption edge were determined from optical transmission spectra. The measurements were performed using Ocean Optics QE65000 and NIR 2.5 spectrophotometers and using a coupled DH-2000-BAL deuterium-halogen light source. For the structural investigations of the thin films, X-ray diffraction (XRD) studies were applied. The patterns were recorded at room temperature using DRON-2 powder diffractometer, with Co Kα radiation. Surface morphology was examined by atomic force microscopy (AFM) UHV AFM Omicron operating in the contact-mode. Additionally, in order to determine the Pd distribution with the depth profile of thin oxide films the secondary ion mass spectroscopy (SIMS) has been used. SIMS experiments were conducted using an SAJW-05 instrument, equipped with quadruple-based mass spectrometer (Balzers QMA-410). A physical Electronics ion gun with Ar + primary beam of about 100 µm in diameter and with 3 keV ion energy at 0.6 µA of beam current, rastered on 1.5 mm × 1 mm area, was used. Selected parameters assured a low sput-ter rate and a high secondary signal during SIMS measurement.
Results and discussion
The XRD patterns of the TiO 2 :Pd oxide films deposited on SiO 2 substrates are shown in Fig. 1 . Strong diffraction peaks recorded at 2θ ∼ = 32 04°and θ ∼ = 31 92°can be seen for the samples doped with 5.5 at. % and 8.4 at. %, respectively. Both peaks correspond to the (100) TiO 2 -rutile reflection. From the full width half maximum (FWHM) of the recorded diffraction lines, corrected for instrumental and spectral line broadening and the Kα 1 α 2 doublet, the mean size of crystallites was determined using Scherrer equation [22] . The calculated crystalline sizes were 40 nm and 10 nm for the TiO 2 :Pd doped with 5.5 at. % and 8.4 at. %, respectively, indicating nanocrystalline nature of prepared thin films. However, when the amount of Pd was 23 at. %, the observed (110) rutile peak disappeared and the XRD pattern displayed an amorphous behavior. As can be deduced from Fig. 1 , neither Pd nor PdO were found in the prepared system, and we can conclude that the increase in the amount of Pd in the prepared thin films inhibits crystallization of the TiO 2 . Nevertheless, in such Pd-doped TiO 2 system, we may suspect the presence of metallic Pd inclusions located in the area between crystallites. In Fig. 2 , AFM images of the prepared samples are presented and a closely-packed, nanocrystalline structure could be seen. Direct comparison of crystallite size de-termined from XRD with the results obtained from AFM is not possible. It is because usually, at AFM images, rather bigger grains, composed of several crystallites are observed than the crystallites themselves. But, as it can be seen, the dependence of grain size on the Pd concentration is the same as observed from XRD studies. As the Pd amount increases the specific size decreases. Homogenous distribution of elements used in the investigated composition was proved by SIMS, an advanced analytical technique for determining the depth profile with trace level sensitivity and high spatial resolution. An exemplary SIMS profile recorded for TiO 2 :(8.4 at % Pd) thin films represented by distribution of positive atomic species of Ti + , Pd + and O + , plotted against sputter time has been presented in Fig. 3 . Depth profiling demonstrates a homogeneous distribution of the active components along the whole depth throughout the TiO 2 :Pd layer. 4 presents comparison of the optical transmission T λ spectra measured in the wavelength range from 300 nm to 2500 nm for pure TiO 2 and TiO 2 :Pd thin films. Usually, enhancement of electrical conduction of the thin films by doping simultaneously reduces its optical transmission in which the films are transparent. Therefore, high transparency and high electrical conduction is difficult to obtain simultaneously. It is observed (Fig. 4) that doping with Pd decreases transparency and shifts the position of absorption edge from about 330 nm for undoped TiO 2 , to: 370 nm, 480 nm and 500 nm for TiO 2 with 5.5 at. %, 8.4 at. % and 23 at. % of Pd, respectively. The highest transparency had the thin oxide film prepared with 5.5 at. % Pd. It is seen that the thin film is quite transparent in the visible spectral range, with the transparency reaching ca. 73%. The observed shift in the position of the absorption edge for doped samples is accompanied with narrowing of their optical band gap widths. In Fig. 5 , the Tauc plots for allowed indirect (Fig. 5a) and direct (Fig. 5b) transitions have been presented. Approximation of linear part of plotted spectra yielded the value of the optical band gap width for prepared samples. From Fig. 5a the band gaps for indirect transitions were estimated to be: 1.84 eV, 1.55 eV and 1.26 eV for the TiO 2 with 5.5, 8.4 and 23 at. % of Pd, respectively. Similarly, analysis of the curves plotted in Fig. 5b yielded the value of the optical band gaps for direct transitions: 2.83, 2.46, and 2.11 eV, respectively. conduction in oxide thin films could be reached by either the presence of excess free charge carriers or by increase of their mobility in external electric field. It is well known that high electrical conduction of oxides is related to the presence of defects in their structure.
All kinds of defects may act as donors or acceptors in the oxide and the resulting type of electrical conduction is depended on higher concentration, either of donors or acceptors. In the thin films prepared by sputtering (or other physical deposition methods) the defects are native or can be intentionally created by making oxygen deficiency and/or by doping. However, the change of the type of electrical conduction in case of high concentration of native defect could be difficult. In the thin films prepared by sputtering (or other physical deposition methods) the defects can be intentionally created by making oxygen deficiency or by doping and/or they are native. Most metal oxides are non-stoichiometric after fabrication and their non-stoichiometry has an effect on the electrical properties of the material. Even if the concentration of created defects is high, obtaining reasonably high conductivity could be very difficult. This is because the carriers' concentration may be reduced by trapping in the potential field of such defect and/or their mobility may be reduced by enlarged scattering on electrically active/inactive defects. All kinds of defects may act as donors or acceptors in the oxide and the resulting type of electrical conduction depends on higher concentration, either of donors or acceptors. However, the change of the type of electrical conduction in case of high concentration of native defect could be difficult. 
Conclusions
TiO 2 :Pd thin films have been deposited onto glass and silicon substrates by high energy reactive magnetron sputtering. The electrical, optical and structural properties of these films were investigated as a function of the Pd concentration. The lowest resistivity of about 10 −3 Ωcm was obtained for the TiO 2 doped with 23 at. % Pd, while the best transmission above 73% in the visible region was exhibited by TiO 2 doped with just 5.5 at. % Pd. All presented results concerning the electrical and optical properties of TiO 2 :Pd thin films, showing possibility of receiving nanocrystalline TOSs with both types of electrical conduction at room temperature: either n-type for the TiO 2 with 5.5 at. % and 8.4 at. % of Pd or p-type for the TiO 2 with 23 at. % of Pd thin films. This fact is significant for manufacturing of transparent heterojunction which are used in optoelectronics applications.
